Background: Two dimeric dipeptides, bis-(N-monosuccinyl-l-seryl-l-lysine)hexamethylenediamide (GSB-106) and bis-(N-monosuccinyl-l-methionyl-l-serine)
heptamethylenediamide (GSB-214), were designed based on the brain-derived neurotrophic factor (BDNF) loop 4 and loop 1 β-turn sequences, respectively. Earlier, both of these dipeptides were shown to exhibit neuroprotective activity in vitro (10 -5 -10 -8 M). The present study aimed to investigate the mechanisms of action of these peptides and their neuroprotective activity in an experimental stroke model.
Methods:
We used western blot and HT-22 hippocampal neuronal cell line to investigate whether these peptides induced phosphorylation of the TrkB receptor and the AKT and ERK kinases. Rat middle cerebral artery occlusion (MCAO) was used as a stroke model. GSB-106 and GSB-214 were administered intraperitoneally (0.1 mg (1.3×10 -7 mol)/kg) 4 hours after MCAO and daily for 7 days. The cerebral infarct volumes were measured with 2,3,5-triphenyltetrazolium chloride staining 21 days after MCAO. Results: Both compounds were shown to elevate the TrkB phosphorylation level while having different post-receptor signaling patterns. GSB-106 activated the PI3K/AKT and MAPK/ERK pathways simultaneously, whereas GSB-214 activated the PI3K/AKT only. In experimental stroke, the reduction of cerebral infarct volume by GSB-106 (∼66%) was significantly greater than that of GSB-214 (∼28% reduction), which could be explained by the fundamental role of the MAPK/ERK pathway in neurogenesis and neuroplasticity. Notably, between these two dipeptides, only GSB-106 exhibited antidepressant activity, as was found previously.
Conclusion:
The results provided support for the beneficial pharmacological properties of BDNF loop 4 mimetic GSB-106, thereby suggesting a potential role for this dipeptide as a therapeutic agent. Keywords: brain-derived neurotrophic factor, mimetic, PI3K/AKT, MAPK/ERK, ischemic stroke
Background
Stroke is one of the leading causes of death and long-term disability worldwide, and no drugs are available for promoting recovery after a stroke has occurred. There is a growing body of evidence indicating the role of brain-derived neurotrophic factor (BDNF) in recovery after stroke. BDNF has been reported to reduce infarct volumes and improve neurological outcomes in rodents subjected to cerebral ischemia. [1] [2] [3] Increased BDNF levels after stroke during the acute (hours to days) and subacute periods (days to weeks) are beneficial for improving lost function. 4 The mechanisms of the neuroprotective capability of BDNF include anti-apoptotic effects, 6 promotion of neurogenesis, 7 improvement of synaptogenesis, and synaptic plasticity mechanisms. 8, 9 BDNF exerts its main biological actions through TrkB receptors. Binding of BDNF to TrkB leads to the activation of various intracellular signaling pathways, including the PI3K/AKT and MAPK/ERK pathways, which are the most critical for the biological effects of BDNF. 5 The PI3K/AKT pathway has been associated mainly with neuroprotection. 10 The MAPK pathway is also involved in neuroprotection and plays a pivotal role in the mechanisms of neurogenesis and neuroplasticity. 11, 12 Unfortunately, BDNF itself does not have favorable druglike characteristics, ie, a limited half-life and poor blood-brain barrier penetration, thus motivating the search for alternative approaches for enhancing BDNF signaling in the brain.
The dimeric dipeptide mimetics of BDNF loops 1 and 4 were designed and synthesized at the Zakusov Institute of Pharmacology (Moscow, Russia) 13 (RU Patent No 2410392, 2010; US Patent Application No US 2015/0111828 A1). The dimeric dipeptide bis-(N-monosuccinyl-l-seryl-l-lysine) hexamethylenediamide (GSB-106) was designed based on the BDNF loop 4 β-turn sequence -Asp93-Ser94-Lys95-Lys96-, which is the most exposed fragment and therefore might play a major role in the interaction of BDNF with the receptor. We included the central fragment of the β-turn, Ser94-Lys95, in the dipeptide composition. The residue Asp93 was substituted by its bioisostere, a succinic acid residue, and Lys96 was substituted by an amide group. The purpose of these two substitutions was to stabilize the β-turn conformation and to increase the resistance of the compound to peptidases. Because BDNF interacts with TrkB in the homodimer form, we linked two β-turn mimetics using a hexamethylene diamine spacer. The dimeric dipeptide bis-(N-monosuccinyl-l-methionyl-l-serine) heptamethylenediamide (GSB-214) was designed analogously to GSB-106, based on the BDNF loop 1 β-turn.
It has been shown in vitro, using the HT-22 hippocampal neuronal cell line, that GSB-106 and GSB-214 exerted BDNF-like neuroprotective activity (10
. 13 Maximal neuroprotective effects were observed at concentrations of 10 -8 M (GSB-106) and 10 -7 M (GSB-214); therefore, these concentrations were used for further in vitro experiments. Because there is well-documented evidence of the involvement of BDNF in the pathogenesis of depression, we studied the antidepressant properties of GSB-106 and GSB-214. It was shown that the mimetic of the BDNF loop 4 GSB-106 exhibited antidepressant activity in the forced swimming test in mice, while the mimetic of the BDNF loop 1 GSB-214 did not. 13 The most effective dose of GSB-106 in vivo was 0.1 mg (1.3×10 -7 mol)/kg, administered intraperitoneally (ip).
In the present study, it was established that GSB-106 and GSB-214 activated the TrkB receptor and that they each had different post-receptor signaling patterns. GSB-106 increased the levels of ERK and AKT kinase phosphorylation, whereas GSB-214 only increased the level of AKT phosphorylation. Further, we tested the hypothesis that GSB-106 and GSB-214 would improve functional recovery after experimental stroke induced by occlusion of the middle cerebral artery in rats. Treatments with GSB-106 or GSB-214 caused significant reductions in brain infarct size and improvement of neurological outcomes, with GSB-106 demonstrating greater in vivo efficacy than GSB-214. The greater effects of GSB-106 could be explained by the fundamental role of the MAPK/ ERK pathway in neurogenesis and neuroplasticity, 11, 12 which are key factors in post-stroke recovery. Hence, GSB-214, which activated only the PI3K/AKT pathway, showed less pharmacological activity in this model.
Methods

Drugs and reagents
The dimeric dipeptides GSB-106 ((bis-(N-monosuccinyl-
=-21.75° (c=0.4%; MeOH)) were synthesized at the Zakusov Institute of Pharmacology (Moscow, Russia), as described previously. 13 2,3,5-triphenyltetrazolium chloride (TTC) and Nembutal were obtained from Sigma-Aldrich (St Louis, MO, USA). Dulbecco's Modified Eagle's Medium was purchased from HyClone Laboratories (Logan, UT, USA). Fetal bovine serum was obtained from Gibco (Langley, OK, USA). Glutamine was purchased from ICN Pharmaceuticals, Inc. (Costa Mesa, CA, USA). Poly-d-lysine was purchased from BD Biosciences (San Jose, CA, USA). DC protein assay was purchased from Bio-Rad (Hercules, CA, USA). Anti-TrkA, anti-pTrkA, anti-AKT1/2/3, antiphospho-AKT1 s473 /2 s472 /3 s474 anti-ERK1/2, anti-phospho ERK1/2 Y204 antibodies, and enhanced chemiluminescence kits were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-β-actin antibodies and horseradish peroxidase-conjugated antibodies were purchased from Abcam (Cambridge, MA, USA). Formalin was purchased from Ecros (Saint Petersburg, Russia). GSB-106 and Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com
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cell cultures
The mouse hippocampal cell line HT-22 was maintained in Dulbecco's Modified Eagle's medium, 10% fetal bovine serum, and 2 mM glutamine in 5% CO 2 and 95% air at 37°C and was passaged by trypsinization. Cells were placed on six-well plastic plates previously treated with poly-d-lysine (5 μg/1 cm 2 ) at a plating density of 200×103 cells per well. The cultures were maintained in a humidified atmosphere of 5% CO 2 and 95% air at 37°C.
Western blot analysis
HT-22 cells were collected 15, 30, and 60 min after incubation with GSB-106 (10 -8 M), GSB-214 (10 -7 M), or BDNF (10 -9 M), 14 and protein was extracted for western blot analysis. Samples were homogenized in a lysis buffer (50 mM TrisHCl, pH 7.5, 5 mM EDTA, 1 mM DTT, 1% Triton X-100 supplemented with protease and phosphatase inhibitor cocktail) and were incubated on ice for 5 min and then centrifuged (13,000 rpm, 10 min, at 4°C). Protein levels of the supernatant lysates were measured using Bio-Rad DC protein assay. Proteins were separated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and were blotted for 1 h (15 V) onto a polyvinylidene fluoride (PVDF) membrane. The membranes were incubated at 4°C overnight with the following primary antibodies: anti-pTrkB, anti-phospho-AKT1
, anti-TrkB, anti-ERK1/2, and anti-AKT1/2/3. All of the antibodies were used at 1:1,000 final dilutions in 0.5% non-fat dry milk in tris-buffered saline/0.5% Tween (TBST). Equal load was confirmed using anti-actin (1:5,000 in 0.5% non-fat dry milk in TBST). The membranes were washed with TBST and were incubated with horseradish peroxidase-conjugated secondary antibody (1:20,000 in 0.5% non-fat dry milk in TBST). Secondary antibodies tagged to peroxidase were used to visualize immunoreactive bands using enhanced chemiluminescence kits. Thirty-nine (250-320 g) male outbred rats (Stolbovaya Breeding Center, Moscow, Russia) were used. Focal cerebral ischemia was induced by transient MCAO using a modification of the intraluminal filament model originally described by Longa et al. 15 Briefly, the rats were anesthetized with an ip injection of Nembutal (60 mg/kg). The right common carotid artery, internal carotid artery, and external carotid artery were surgically exposed. A Nylon suture (0.25 mm in diameter) with a silicon-coated tip was inserted from the external carotid artery into the internal carotid artery and then to the circle of Willis to occlude the origin of the middle cerebral artery. After 1 h of MCAO, the suture was carefully removed to induce reperfusion. Sham-operated rats (n=8) underwent identical surgery except that the suture was not inserted. The body temperature was maintained at 37.0°C±0.5°C using a heating pad during the surgery. The rats that died due to anesthesia were excluded (n=7). The rats receiving MCAO that did not have any neurological deficits when awakening were excluded (n=5). The remaining animals were randomly divided into 3 groups: a MCAO group with water treatment (MCAO, n=7) and two MCAO groups treated with GSB-106 (MCAO + GSB-106, n=6) or GSB-214 (MCAO + GSB-214, n=6).
GSB-106 and GSB-214 (dissolved in distilled water) were administered ip at a dose of 0.1 mg (1.3×10 -7 mol)/kg 4 h after MCAO and daily for 7 days. This dose was chosen as the most pharmacologically active dose, based on preliminary in vivo studies. 13 The sham group and MCAO group were treated with distilled water.
neurological score assessment limb-placing test
Neurological functions were evaluated 3 and 7 days after MCAO (day of surgery was day 0) using the limb-placing test, 16 a modified version of the test described by De Ryck et al (1989) . 17 This test assessed the forelimb and hind limb responses to tactile and proprioceptive stimulation and consisted of seven limb-placing tasks. The following scores were used to detect impairment of the forelimb and hind limb: 2 points, the rat performed normally; 1 point, the rat performed with a delay of more than 2 s and/or incompletely; and 0 point, the rat did not perform the task. Both sides of the body were tested. The maximum possible score for the sham-operated rats for each side of the body was 14.
cylinder test
At 7 days after MCAO, the cylinder test was used to assess the asymmetry of forelimb usage. 18 The rats were placed individually inside a transparent cylinder (20 cm 
analyzed using a video recorder with slow motion capability. The numbers of contacts by both forelimbs and by either the impaired (contralateral to the lesion) or non-impaired (ipsilateral to the lesion) forelimb were counted, and the index for preference was obtained: (contralateral contacts + 1/2 bilateral contacts)/(total contacts) ×100%.
evaluation of cerebral infarct volume
The cerebral infract volumes measured with TTC staining were used to describe the severity of cerebral ischemia. The animals were deeply anesthetized with 3.5% chloral hydrate and then decapitated following the completion of a neurologic assessment 21 days after MCAO. The brains were removed rapidly, frozen in -20°C for 10 min and then sectioned coronally into 2 mm thick slices. The brain slices were incubated with 2% TTC at 37°C for 30 min. Stained slices were fixed in 10% formalin solution. The slices were digitalized on a flatbed scanner at 2,400 dpi. The infarct volumes were measured using the ImageJ (National Institutes of Health, Bethesda, MD, USA) image analysis software program. The total infarct volume for each brain was calculated by summation of unstained areas of the subsequent slices and multiplying by the thickness (2 mm).
statistical analysis
Values are expressed as the mean ± standard error of the mean or as the median (interquartile interval). Non-parametric statistics were used to test for statistical significance. The Mann-Whitney U-test was used for single comparisons. The Kruskal-Wallis test, followed by the pair-wise MannWhitney U-test with Bonferroni's correction, was used to compare three or more groups. P-values ,0.05 were considered to indicate statistically significant effects.
Results
Both dipeptides, gsB-106 and gsB-214, activate TrkB receptors
The dipeptides GSB-106 (10 -8 M) and GSB-214 (10 -7 M) added to HT-22 hippocampal neurons induced the elevation of TrkB receptor phosphorylation, similar to BDNF (10 -9 M) ( Figure 1 ).
gsB-106 and gsB-214 exhibit different patterns of Pi3K/aKT and MaPK/erK activation ERK or AKT activation by GSB-106 (10 -8 M) and GSB-214 (10 -7 M) was assessed using the ERK1/2 and AKT1/2/3 phosphorylation assays. Western blot densitometry analysis revealed that AKT1/2/3 phosphorylation was increased after stimulation of the cells by GSB-106 (10 -8 M), GSB-214 (10 -7 M), or BDNF (10 -9 M) ( Figure 2 ). GSB-106 and BDNF induced the phosphorylation of ERK1/2. There was no activation of ERK1/2 proteins by GSB-214 at any time point (Figure 3) . These data suggested that GSB-214 selectively activates PI3K/AKT signaling, whereas GSB-106 activates both the PI3K/AKT and MAPK/ ERK pathways.
gsB-106 and gsB-214 improve sensorimotor performance on the limbplacing test after McaO Animals subjected to ischemia showed an increase in contralateral (left) limb placing deficits on the limb-placing test (Figure 4) . The median limb-placing scores for left fore/hind limbs in this group were 9 (interquartile range, 7-10) and 6.5 (interquartile range, 5-7) at days 3 and 7 after MCAO, respectively. No deficits in ipsilateral limb placing in animals with cerebral ischemia were observed (data not shown). The sham-operated animals had no impairments in limb behavior at any time period, and their score was 14 for each side of the body (data not shown). Treatment with GSB-106 or GSB-214 significantly improved neurologic outcomes at days 3 and 7 after MCAO (P,0.05).
gsB-106 reduces forelimb use asymmetry on the cylinder test after McaO
To determine the extent of lateralizing motor deficits caused by stroke, the cylinder-rearing test was performed 7 days after MCAO. In this test, the sham-operated rats did not show any paw preference ( Figure 5 ). After stroke, the rats had reduced left forelimb (contralateral) use, compared to the sham group. There was an overall significant effect of stroke on ipsilateral forelimb use. Treatment with GSB-106 completely reversed the deficits in contralateral limb use produced by MCAO ( Figure 5 ). The effects of GSB-214 treatment were not statistically significant.
gsB-106 and gsB-214 decrease infarct volume after McaO
GSB-106 and GSB-214 administration significantly decreased infarct volumes 21 days after MCAO. The median infarct volume, as determined by TTC staining (Figure 6) 
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Mimetics of BDnF loops 1 and 4 in model of ischemic stroke in rats in the GSB-214 treated rats, which was significantly (P,0.05) less than in the saline treated control rats, which had a median infarct volume of 268 mm 3 (interquartile range, 243-280 mm 3 ) ( Figure 6 ). Thus, the infarct volume was markedly decreased by ∼66% following GSB-106 administration and by ∼28% following GSB-214 administration.
Discussion
Thus, the dimeric dipeptide mimetics of the BDNF loops 1 and 4, GSB-214 and GSB-106, respectively, were shown to reduce cerebral infarct volume and to improve neurological function after transient MCAO in rats.
We found previously that GSB-214 and GSB-106 exerted neuroprotective activity in vitro. In the current study, we established that both compounds elevated the level of TrkB receptor phosphorylation, but they had different patterns of post-receptor signal transduction. The mimetic of BDNF loop 4 GSB-106 increased the levels of ERK and AKT kinase phosphorylation, whereas the mimetic of BDNF loop 1 GSB-214 increased the level of AKT phosphorylation only. Notably, dimeric dipeptide mimetics of nerve growth factor (NGF) loops 1 and 4 demonstrated the opposite patterns of post-receptor signal transduction, as we reported earlier. 19 The mimetic of NGF loop 4, bis-(N-succinyl-l-glutamyl-l-lysine) β Figure 1 Western blot analysis of TrkB phosphorylation in hT-22 hippocampal neurons at different times (15, 30 , and 60 min) after incubation with gsB-106 (10 -8 M), gsB-214 (10 -7 M), or BDnF (10 -9 M). Notes: Bar graphs represent the intensities of phosphorylated TrkB quantified by scanning densitometry of blots, and these intensities are expressed as percentages relative to controls. Total non-phosphorylated TrkB arbitrary densitometric units were analyzed separately against β-actin. Data are presented as the mean ± sD of 5 independent experiments. Differences from the controls were significant at *P,0.05 (Mann-Whitney U-test). Abbreviations: BDnF, brain-derived neurotrophic factor; gsB-106, bis-(n-monosuccinyl-l-seryl-l-lysine) hexamethylenediamide; gsB-214, bis-(n-monosuccinyl-lmethionyl-l-serine) heptamethylenediamide; sD, standard deviation; min, minutes. In experimental stroke, GSB-106 demonstrated greater neuroprotective efficacy than GSB-214. The reduction of cerebral infarct volume by GSB-106 (∼66%) was significantly greater than the effects on lesions by GSB-214 (∼28% reduction). The neuroprotective activity of GSB-106 was similar to that of BDNF, which decreased cerebral infarct volume by as much as 65%-70% in experimental models of forebrain ischemia. 4, 20 Both BDNF mimetics improved sensorimotor functions on the limb-place test with almost equal efficiency, but only GSB-106 statistically significantly reduced forelimb use asymmetry on the cylinder test. These differences in efficacy might reflect differences in the patterns of signal transduction. GSB-214 activated the PI3K/AKT pathway only, which is mainly associated with neuroprotection. 10 GSB-106 activated the MAP-kinase pathway along with the PI3K/AKT pathway, with the former playing a pivotal role in the mechanisms of neurogenesis and neuroplasticity. 11, 12 Previously, we reported that the dimeric dipeptide mimetic of NGF loop 4, which selectively activates the PI3K/AKT pathway, reduced brain infarct volume by approximately 18% in a model of MCAO in rats. 21 Our results showed that selective activation of the PI3K/AKT pathway could reduce brain infarct volume and could improve functional recovery after stroke. However, activation of both the PI3K/AKT and MAPK/ERK pathways led to more therapeutic efficacy, possibly through the stimulation of neurogenesis and neuroplasticity, which are the two types of cellular events implicated in recovery after stroke. Indeed, GSB-106 was found to stimulate hippocampal neurogenesis in adult mice. s473 , anti-phospho-aKT2 s472 , and anti-phospho-aKT3 s474 were used. Bar graphs represent the intensities of phosphorylated AKT quantified by scanning densitometry of blots, and they are expressed as percentages relative to controls. Total non-phosphorylated gsB-106, hexamethylenediamide and; gsB-214, heptamethylenediamide arbitrary densitometric units were analyzed separately compared to β-actin. Data are presented as the mean ± sD of 5 independent experiments. Differences from the controls were significant at *P,0.05 (Mann-Whitney U-test). Abbreviations: BDnF, brain-derived neurotrophic factor; gsB-106, bis-(n-monosuccinyl-l-seryl-l-lysine) hexamethylenediamide; gsB-214, bis-(n-monosuccinyl-lmethionyl-l-serine) heptamethylenediamide; sD, standard deviation.
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Mimetics of BDnF loops 1 and 4 in model of ischemic stroke in rats β Figure 3 Western blot analysis of erK phosphorylation in hT-22 hippocampal neurons at different times (15, 30 , and 60 min) after incubation with gsB-106 (10 -8 M), gsB-214 (10 -7 M), or BDnF (10 -9 M). anti-phospho-erK1/2 Y204 antibodies were used. Bar graphs represent intensities of phosphorylated ERK quantified by scanning densitometry of blots, and these intensities are expressed as percentages relative to controls. Notes: Total non-phosphorylated erK arbitrary densitometric units were analyzed separately compared to β-actin. The data are presented as the means ± sD of five independent experiments. Differences from the controls were significant at *P,0.05 (Mann-Whitney U-test). Abbreviations: BDnF, brain-derived neurotrophic factor; erK, extracellular signal-regulated kinase; gsB-106, bis-(n-monosuccinyl-l-seryl-l-lysine) hexamethylenediamide; gsB-214, bis-(n-monosuccinyl-l-methionyl-l-serine) heptamethylenediamide; sD, standard deviation. As we reported earlier, GSB-106 exhibited antidepressant activity on the forced swimming test in mice, whereas GSB-214 did not. 13 These results indicated that the antidepressant activity of BDNF mimetics was associated with activation of both the PI3K/AKT and MAPK/ERK signaling cascades, whereas selective PI3K/AKT pathway activation did not produce antidepressant-like effects. The association of the MAP-kinase pathway with antidepressant activity could also be explained by the central role of this signaling pathway in the regulation of mechanisms of neurogenesis and neuroplasticity, impairments of which are considered to be among the main etiopathological factor of depression. 23 Thus, our results demonstrated the importance of MAP kinase pathway activation to the therapeutic efficacy of BDNF dimeric dipeptide mimetics.
Conclusion
The results presented in this paper supported the beneficial effects of the BDNF loop 4 dimeric dipeptide mimetic GSB-106 in reducing cerebral infarct volume and improving neurological function after stroke, thereby suggesting a potential role for the dipeptide as a therapeutic agent.
